Background-Mannose-binding lectin (MBL) is an important component of innate immunity and activator of the lectin complement pathway. Within the MBL2 gene are seven 5Ј "secretor" haplotypes that code for altered serum MBL levels and complement activation. However, recent evidence suggests that 3Ј MBL2 haplotypes may also modify MBL function and circulating levels. Because MBL and the lectin complement pathway have been implicated in cardiovascular injury, we investigated whether MBL2 haplotypes are independently associated with an increased risk of postoperative myocardial infarction (PMI) in patients undergoing coronary artery bypass graft surgery. Methods and Results-Genotyping of 18 polymorphic sites within the MBL2 gene was performed in a prospective, longitudinal multi-institutional study of 978 patients undergoing primary coronary artery bypass graft-only surgery with cardiopulmonary bypass between August 2001 and May 2005. After adjustment for multiple comparisons by permutation testing, multivariate, stepwise logistic regression, including a score test, was performed controlling for patient demographics, preoperative risk factors, medications, and intraoperative variables to determine if MBL2 secretor haplotypes are independent predictors of PMI in whites undergoing primary coronary artery bypass graft surgery. Neither the 5Ј nor 3Ј MBL2 haplotypes alone were associated with an increased incidence of PMI. However, the incidence of PMI in whites (nϭ843) expressing the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) was significantly higher than in whites not expressing the haplotype (38% versus 10%; PϽ0.007). Moreover, the combined MBL2 LYQA secretor haplotype was an independent predictor of PMI in whites after primary coronary artery bypass graft surgery after adjustment for other covariates (PϽ0.02; adjusted OR: 3.97; 95% CI: 1.30 to 12.07). The combined MBL2 LYQA secretor haplotype in whites was also an independent predictor of postoperative CKMB levels exceeding 60 ng/mL (PϽ0.02; adjusted OR: 4.48; 95% CI: 1.95 to 16.80). Inclusion of the combined MBL2 LYQA secretor haplotype improved prediction models for PMI based on traditional risk factors alone (C-statistic 0.715 versus 0.705).
H uman mannose-binding lectin (MBL) is an important component of the innate immune system and activator of the lectin complement pathway (LCP). 1 A C-type collectin, MBL functions as a pattern recognition molecule that recognizes carbohydrate structures on microorganism surfaces (eg, bacteria, fungi, and parasites) and innate molecules mimicking carbohydrate structures. [1] [2] [3] MBL opsonization in turn leads to activation of the LCP through MBL-associated serine proteases (MASP-1, -2, and -3). Although decreased MBL serum levels have been shown to be associated with an increased risk of infection in children and immunocompromised individuals, several lines of evidence suggest that increased MBL levels may be an important regulator of cardiovascular injury. 4 -15 Serum MBL levels and functional activity are partially regulated by genetic variation in the MBL2 gene. 16 -18 MBL2 gene sequencing reveals a recombination hotspot that divides MBL2 into 2 distinct haplotype blocks (a 5Ј and 3Ј block). 16 -18 Within exon 1 of MBL2 are 3 polymorphisms, known as the B, C, and D alleles, that code for structurally variant proteins. 19 -21 These alleles, along with 2 linked promotor single nucleotide polymorphisms (SNPs) (-550 H/L and -221 Y/X), as well as a 5Ј UTR SNP (ϩ4 P/Q), comprise 7 well-characterized "secretor haplotypes" (HYPA, LYPA, LYQA, LXPA, HYPD, LYPB, and LYQC), which partially account for alterations in complement activation and circulating MBL levels. 22 However, recent evidence suggests that MBL serum levels do not fully correlate with the 5Ј secretor haplotypes and that 3Ј MBL2 haplotypes acting in concert with the 5Ј secretor haplotypes also modify MBL function and circulating levels. 16 -18 Complement has long been known to be an important mediator of myocardial injury. Moreover, recent evidence specifically suggests that MBL and the LCP may play a pathophysiological role in cardiovascular injury. 4 -15 We thus sought to determine if MBL2 haplotypes are independently associated with an increased risk of postoperative myocardial infarction (PMI) in whites undergoing primary coronary artery bypass (CABG) surgery. We present data that suggest that the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) is a novel independent predictor of PMI in whites undergoing CABG surgery.
Methods

Study Design
A prospective and longitudinal study of 978 patients undergoing primary CABG surgery with cardiopulmonary bypass between August 2001 and May 2005 at Brigham & Women's Hospital, Boston, Mass, and the Texas Heart Institute, St. Luke's Episcopal Hospital, Houston, Texas, was conducted. Institutional Review Board approval and written informed consent was obtained from each patient. Patients were excluded from the study if they were (1) less than 20 years old; (2) undergoing repeat CABG surgery; (3) undergoing CABG surgery with concomitant valve or other cardiac surgery; or (4) undergoing primary CABG surgery without cardiopulmonary bypass. Additionally, patients were excluded if they had a preoperative hematocrit Ͻ25% or if they had received leukocyterich blood products within the previous 30 days before surgery.
Study Data
Data on more than 700 perioperative variables, including patient demographics, preoperative risk factors, medications, and postoperative outcomes, were collected for each enrolled patient (Ͻ2% missing data). Because there is no agreed-on definition of PMI in the literature, 2 definitions of PMI were separately examined. A clinical diagnosis of PMI was made if reported by automated electrocardiographic interpretation (Mac 5500; GE Healthcare, Waukesha, Mich) or if serum myocardial enzymes were requested and reported as being diagnostic of PMI by the clinician. A protocol-specified diagnosis of PMI was made if the MB isoenzyme of creatine kinase drawn by the investigators within the first 3 postoperative days was Ͼ60 ng/mL.
MBL2 Genotype and Haplotype Analysis
Genomic DNA was isolated from whole blood samples. The isolated DNA was quality-tested and genotyped at the National Cancer Institute Genotyping Core Facility. All genotype assays contained negative and positive controls and 10% blinded duplicates. The overall genotype concordance among sample duplicates was 99% (discordance range per genotype: 0% to 2%). Haplotype tagging SNPs across the 10.0-kb locus that includes the MBL2 gene were selected on the basis of a previous resequencing analysis of this genomic region in samples of 102 healthy and unrelated individuals from 4 different ethnic groups (http://snp500cancer.nci.nih.gov) by use of the tagSNP program. 17, 23, 24 SNPs in strong linkage to the secretor haplotypes and to variants that capture the 2 gene conversion elements in MBL2 were also included in the genotyping. Overall, a total of 18 SNPs across the entire locus were genotyped by Taqman assays (Applied Biosystems, Inc, Foster City, Calif) in the study population ( Table 1 ). Assays were validated and optimized as described in the SNP500 Cancer web site (http:// snp500cancer.nci.nih.gov). 24 Haplotypes for study subjects were assigned by Phase (version 2.1). 25
Measurement of Creatine Kinase MB
Creatine kinase MB levels were measured at a centralized location (Brigham & Women's Hospital, Boston, Mass) from serum samples taken preoperatively (baseline) and on postoperative days 1, 2, and 3 using a sandwich immunoassay (Siemens ADVIA Centaur; Siemens Medical Solutions Diagnostics, Tarrytown, NY).
Statistics
Statistical analyses were performed using SAS, version 9.1 (SAS Institute, Cary, NC). Missing clinical data were handled using complete case analysis. Before evaluating the contribution of genetic factors, the relationship between traditional risk factors (ie, patient preoperative and intraoperative demographics, risk factors, medications) and PMI was first explored by multivariable logistic regression (clinical model). After testing for Hardy-Weinberg equilibrium (Fischer's exact test), the association of each 5Ј and 3Ј MBL haplotype along with their interaction term with PMI was then tested using a 2-stage analysis approach: marker selection followed by modeling of genotype-phenotype relationships (clinical-genetic model). To control for multiple haplotype comparisons, only those MBL2 haplotypes significantly associated with PMI after permutation testing (PϽ0.05) were included in the overall model. Furthermore, to avoid assumptions regarding the modes of inheritance, all analyses were performed using an additive genetic model (homozygote major allele versus heterozygote versus homozygote minor allele) for each haplotype. All clinical predictor variables and haplotypes significant at a 2-tailed nominal PϽ0.15 in the univariate analysis were then entered into a multivariate stepwise logistic regression model to determine if MBL2 haplotypes were independently associated with an increased risk of PMI after primary CABG surgery. Only those variables significant at a 2-tailed nominal PϽ0.05 were retained within the model. Additionally, a second multivariate model was created using the score test, which controls for the effects of genetic linkage by comparing the effects of all haplotypes simultaneously within the model. To compare the additive value of the genotypic information to the traditional clinical model, a C-statistic was calculated for each multivariate model. Odds ratios and corresponding 95% CIs are reported with associated probability values.
The authors had full access to the data and take responsibility for its integrity. All authors have read and agreed to the article as written.
Results
Within the total study population (nϭ978), there were 843 white and 135 nonwhite patients. Within the white subpopulation, the incidence of PMI ranged from 10% (nϭ88; clinical diagnosis) to 6% (nϭ53; protocol-specified diagnosis). All white patients with a protocol-specified diagnosis of myocardial infarction were also contained within the subpopulation of patients with a clinical diagnosis of myocardial infarction. White patient preoperative and intraoperative demographics are presented in Tables 2 and 3, respectively. Note that white patients having a PMI by clinical diagnosis were significantly more likely be receiving preoperative ␤-blocker (Pϭ0.01), warfarin/heparin (Pϭ0.04), vasodilator (Pϭ0.002), nonaspirin platelet inhibitor (Pϭ0.04), and nonstatin antihyperlipidemic therapy (Pϭ0.04) compared with patients without a PMI. Additionally, white patients having a PMI by clinical diagnosis were significantly more likely to have longer cardiopulmonary bypass (Pϭ0.004) and crossclamp (Pϭ0.0001) times and a greater number of bypass grafts (Pϭ0.007) compared with patients without a PMI.
The incidence of each MBL haplotype in whites (nϭ843) is presented in Table 4 . All genotypes were in Hardy-Weinberg equilibrium (Fisher's exact test) at the PϾ0.01 level ( Table 1) .
Neither the 5Ј nor 3Ј MBL2 haplotypes alone were associated with an increased incidence of PMI by clinical or protocol-specified diagnosis. However, the incidence of PMI by clinical diagnosis in whites (nϭ843) expressing the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) was significantly higher than in whites not expressing the haplotype (38% versus 10%; PϽ0.007). Moreover, multivariate analysis controlling for patient demographics, preoperative risk factors, medications, and intraoperative variables revealed that the combined MBL2 LYQA secretor haplotype was an independent predictor of PMI by clinical diagnosis in whites after primary CABG surgery after adjustment for other covariates (Figure; PϽ0.02; adjusted OR: 3.97; 95% CI: 1.30 to 12.07). Further-more, the multivariate score test, which controls for the effects of genetic linkage by comparing the effects of all haplotypes simultaneously within the model, still demonstrated that the combined MBL2 LYQA secretor haplotype was an independent predictor of PMI in whites after primary CABG surgery (Pϭ0.01; adjusted OR: 4.72; 95% CI: 1.41 to 15.85).
The combined MBL2 LYQA secretor haplotype in whites was also an independent predictor of postoperative creatine kinase MB levels exceeding 60 ng/mL (PϽ0.02; adjusted OR: 4.48; 95% CI: 1.95 to 16.80). Furthermore, inclusion of the combined MBL2 LYQA secretor haplotype improved prediction models for PMI based on traditional risk factors alone (C-statistic 0.715 versus 0.705).
Discussion
Increasing evidence suggests that MBL and the LCP play an important role in cardiovascular pathophysiology, including coronary artery disease, altered coronary artery reactivity, vascular restenosis, type I diabetes, and ischemia-reperfusion injury. 4 -15 We now demonstrate that white patients expressing the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) have a significantly higher incidence of PMI by clinical or protocol-specified diagnoses after primary CABG surgery than patients who do not express this haplotype. Moreover, we demonstrate that the combined MBL2 LYQA secretor haplotype is a novel independent predictor of PMI, even after controlling for permutation testing, patient demographics, preoperative risk 
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Circulation September 11, 2007 factors, medications, and intraoperative variables. Indeed, expression of the combined MBL2 LYQA secretor haplotype confers a greater than 3-fold risk of PMI by clinical or protocol-specified diagnosis in whites after primary CABG surgery (However, the large CI makes estimation of this effect imprecise). Surgery invokes a systemic inflammatory response characterized by complement, leukocyte, and platelet activation, and the release of various proinflammatory cytokines. Although inflammation in general is thought to be an adaptive response, in certain individuals, the systemic inflammatory response to surgery may be severe enough to be associated with significant perioperative and long-term clinical morbidity, including impaired hemostasis, ventricular failure, myocardial infarction, stroke, and multisystem organ dysfunction. Recent evidence suggests that the degree and severity of surgical-induced inflammation may be significantly influenced by genotype. 26, 27 Thus, modulation of the perioperative immune response may represent one mechanism by which allotypic variation may influence the incidence of adverse postoperative outcomes.
MBL is a critical component of innate immunity and functions as a pattern recognition molecule that recognizes N-acetyl-glucosamine and mannose residues on microorganism surfaces or molecules that mimic these carbohydrate structures. [1] [2] [3] Human MBL circulates in the blood (1 to 2 g/mL plasma) as large homo-oligomers (200 to 650 kDa) consisting of 9 to 18 32 kDa monomers. 1 Each monomer consists of 4 distinct domains: (1) a NH 2 -terminal region rich in cysteine residues, (2) a collagen-like domain composed of 18 to 20 tandem repeats of a Gly-X-Y sequence similar in overall structure to C1q, (3) a neck region, and (4) a COOH-terminal carbohydrate recognition domain that recognizes and binds to mannose and N-acetyl-glucosamine residues. 1 Like C-reactive protein, MBL is an acute phase reactant (albeit much weaker) increasing in response to infection, surgery, or trauma. 1, 28 Additionally, human MBL2 gene transcription has been shown to be augmented by interleukin-6, dexamethasone, and heat shock and downregulated by interleukin-1. 29 Serum MBL levels and functional activity are partially regulated by genetic variation in the MBL2 gene, which is divided into 2 distinct haplotype blocks (ie, a 5Ј and 3Ј block) by a recombination hotspot. 16 -18 Within the 5Ј block are 7 well-studied "secretor haplotypes" (HYPA, LYPA, LYQA, LXPA, HYPD, LYPB, and LYQC), which partially account for alterations in complement activation and circulating MBL levels. 22 However, recent evidence suggests that MBL serum levels do not fully correlate with the 5Ј secretor haplotypes and that 3Ј MBL2 haplotypes acting in concert with the 5Ј secretor haplotypes also modify MBL function and circulating levels. 16 -18 This evidence is further supported by a recent study demonstrating that variant sites inside the 5Ј and 3Ј MBL2 haplotype blocks, including the 6 markers of the 7 secretor haplotypes, are in strong linkage disequilibrium. 16 A functional genomic "interaction" between these 2 MBL2 haplotype blocks may thus explain in part our finding that the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) is a novel independent predictor of PMI in whites undergoing primary CABG surgery.
In general, the LYQA haplotype is thought of as a "wild-type" or "normal" allele, coding for elevated serum MBL levels. However, increasing evidence suggests that MBL may play both protective and harmful roles depending on the clinical scenario. For example, decreased MBL serum levels have been shown to be associated with an increased risk of infection in children and immunocompromised individuals, including recurrent respiratory infections, meningococcal disease, and Pseudomonas aeruginosa infection in burn patients. 30 Alternatively, MBL recognition of self-antigens has been demonstrated in several sterile inflammatory processes, including thoracoabdominal aortic aneurysms, 8 IgA nephritis, 31 rheumatoid arthritis, 32 atherosclerosis, 10 diabetes, 7,12 cancer, 33 and coronary artery disease. 6, 14 Moreover, inhibition of MBL was recently shown to reduce infarct size in an experimental model of myocardial infarction. 15 Thus, the dichotomous nature of MBL to recognize both foreign-and/or self-antigens is currently the focus of intense research, because the balance of MBL and LCP activation may play an important role in various disease states. 30 
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Although this prospective cohort study extends the results of previous studies suggesting that MBL and the LCP may play a pathophysiological role in cardiovascular disease, the present study is not without limitations. Despite the use of multivariate regression models to adjust for potential confounders that affect postoperative outcomes, immeasurable or unknown factors may still exist. Moreover, identification of a positive association between a specific genotype and clinical outcome does not necessarily imply causality. The identified genotype may actually be clinically "silent," but be linked to one or more other allotypes that individually or collectively form a disease haplotype. Third, we do not yet have enough nonwhite patients to see if the combined MBL2 LYQA secretor haplotype is predictive of PMI in other ethnicities. Similarly, it is unclear if the combined MBL2 LYQA secretor haplotype is predictive of PMI in other types of cardiac or noncardiac surgery. Finally, the clinical relevance of a gene association study directly correlates with the quality of the phenotyping used. To this end, we have ongoing plans to measure perioperative serum MBL levels to determine whether (1) the combined MBL2 LYQA secretor haplotype is an independent predictor of perioperative MBL levels; and (2) whether perioperative MBL levels are predictive of PMI.
In conclusion, the combined MBL2 5Ј LYQA secretor haplotype (CGTCGG) and 3Ј haplotype (CGGGT) is a novel independent predictor of PMI by clinical or protocolspecified diagnosis in whites undergoing primary CABG surgery. Although further research is needed to determine the underlying mechanisms of this association, these data suggest that this haplotype may be clinically used to improve cardiac surgical patient risk stratification and resource utilization.
Multivariate analysis of PMI after primary CABG surgery controlling for patient demographics, perioperative risk factors, and medications. Significant, independent predictors of PMI, along with their associated ORs and 95% CIs are shown.
